Introduction {#Sec1}
============

Gliomas are the most common lethal and rapidly progressive brain tumor in adults \[[@CR1]\], with the highest mortality rate among all brain malignancies \[[@CR2]\]. Despite the development of multimodality treatments, including surgical resection followed by radiotherapy and chemotherapy, the prognosis of glioma patients remains poor, with a median survival time of only 14.6 months \[[@CR3]\]. The rapid proliferation and high aggressiveness of gliomas favors their infiltration into adjacent normal brain tissue and causes recurrence after treatment \[[@CR4]\]. However, the specific mechanisms responsible for the malignant progression and development of glioma cells remain largely uncovered. A better understanding of the processes driving glioma cell proliferation and development is critical to identifying novel therapeutic strategies.

MicroRNAs (miRNAs) are a group of short non-coding endogenous RNAs, about 18--24 nucleotides in length, that negatively regulate target genes by either translational suppression or mRNA degradation \[[@CR5], [@CR6]\]. In animals, miRNAs are embedded in the RNA-induced silencing complex and specifically bind to the 3′-untranslated regions (UTRs) of target mRNAs with complete or incomplete complementarity \[[@CR7]\]. Increasing evidence reveals that miRNAs play an important role in the establishment, progression, and recurrence of various human cancers by regulating the expression of key genes and signaling networks involved in oncogenesis and downstream malignant processes \[[@CR8]--[@CR10]\]. Recent reports have revealed significant differences in the level of distinct miRNAs in the glioma environment compared with the surrounding tissue \[[@CR11]\]. Of note, a recent study showed that miR-1231 is associated with the susceptibility of hepatocellular carcinoma \[[@CR12]\]. Moreover, miR-1231 also plays a causal role in the inhibition of hepatitis B virus replication by targeting core mRNA \[[@CR13]\]. However, the role of miR-1231 in cancer development and the progression of gliomas remains unclear.

The epidermal growth factor receptor (EGFR) is a 170 kD protein with tyrosine kinase activity that contains an extracellular ligand binding domain, a short transmembrane domain, and an intracellular domain \[[@CR14]\]. EGFR plays a central role in the development and maintenance of epithelial tissues, and deregulated EGFR expression leads to various human diseases and disorders, especially human cancers \[[@CR15]\]. The major molecular mechanism of EGFR-induced tumorigenic transformation is related to the enhanced PI3K/AKT pathway signaling caused by the activation of EGFR kinase activity \[[@CR16]\]. Signal transduction via other pathways, such as STAT3 and MAPK/ERK pathways, is also crucial \[[@CR17], [@CR18]\]. The PI3K/AKT/mTOR pathway plays a key role in tumor progression \[[@CR19], [@CR20]\]. Furthermore, the PI3K/AKT/mTOR/p70S6K pathway has been reported to participate in the apoptosis and autophagy process of glioma cells \[[@CR21]\]. A number of treatment strategies have been used to interfere with intracellular EGFR pathways in glioblastoma \[[@CR22]\], lung cancer \[[@CR23]\], and colorectal cancer \[[@CR24]\]. Although EGFR is known to regulate tumor progression in a variety of cancers, new therapeutic strategies in gliomas are urgently needed. Therefore, our research is focusing on exploring the effects of the EGFR-PI3K/AKT/mTOR/p70S6 axis on the proliferation of glioma.

In this study, we identified a new tumor suppressive miRNA, miR-1231, and found that its expression level negatively correlated with WHO grade in gliomas. We also confirmed EGFR as a downstream target of miR-1231, and showed that its upregulation controlled malignant glioma development by affecting cell proliferation. Our findings suggest that miR-1231 may be a useful therapeutic agent for improving glioma patient prognosis and survival.

Materials and methods {#Sec2}
=====================

Human tissue samples {#Sec3}
--------------------

Human glioma tissue samples and healthy brain specimens were obtained postoperatively from the Department of Neurosurgery, the First Affiliated Hospital of Nanjing Medical University. The histological grade of all samples was classified by pathologists using WHO criteria. No surgical patients had received pre-operative radiotherapy or chemotherapy. Tumor tissues were collected with the patient's informed consent, and were rapidly snap-frozen in liquid nitrogen until analysis. The use of human specimen experiments was approved by the Ethics Committee of Nanjing Medical University.

miRNA expression microarray data included 158 glioma samples and were obtained from the China Glioma Genome Atlas (CGGA) Data Portal (<http://www.cgga.org.cn/portal.phpp>). The specimens included 48 astrocytomas and 13 oligodendrogliomas (WHO Grade II), eight anaplastic astrocytomas, 10 anaplastic oligodendrogliomas, and 15 anaplastic oligoastrocytomas (WHO Grade III), and 64 GBMs (WHO Grade IV). Gene expression profiles of TCGA were downloaded through the TCGA database (<http://tcga-data.nci.nih.gov>), and 276 glioma samples were downloaded from the GSE10611 database (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi>).

Glioblastoma cell lines and primary GBM cell lines {#Sec4}
--------------------------------------------------

The human glioma cell lines U251, LN229, A172, U87, U118, and H4 were purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China). Normal human astrocytes (NHAs) were obtained from Lonza (Basel, Switzerland) and cultured as recommended by the manufacturer. A primary culture designated patient primary GBM cells (PG1) lines was established in April 2017 from the tumor cells of a patient with a right frontal glioblastoma who granted written informed consent. The Institutional Review Board of the First Affiliated Hospital of Nanjing Medical University approved the study protocol.

Tissue was obtained from regions comprising viable tumor cells. Within 2 h after tumor tissue collection, tissue samples were dissociated into single cell suspensions, and washed with Hanks' solution (Solarbio, Beijing, China) to remove red blood cells. The number of cells was then counted. Primary cultures were maintained in serum, and all cell lines were maintained in Dulbecco's modified Eagle's medium with sodium pyruvate supplemented with 10% fetal bovine serum with high glucose and antibiotics (100 U of penicillin/mL and 100 ng of streptomycin/mL). All cell lines were grown at 37 °C in a humidified 5% CO~2~ atmosphere.

Plasmid construction and oligonucleotides {#Sec5}
-----------------------------------------

The hsa-miR-1231 mimic, negative control, and miR-1231 inhibitor (anti-miR-1231) were synthesized by Ribobio (Guangzhou, China). siRNA targeting EGFR (si-EGFR) and scramble negative control (si-NC) oligonucleotides were obtained from GenePharma (Shanghai, China). The pGL3-EGFR plasmid was constructed by inserting the human *EGFR* cDNA into the pGL3 vector. And cells were transiently transfected with oligonucleotides or plasmids at a final concentration of 100 nM using Lipofectamine 2000 Transfection Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol.

Lentiviral packaging and stable cell line establishment {#Sec6}
-------------------------------------------------------

The lentiviral packaging kit were obtained from GeneChem (Shanghai, China). Next, the Lentivirus hsa-miR-1231 expression constructs and lentivirus hsa-negative control (miR-NC) were packaged in human embryonic kidney 293T cells according to the manufacturer's protocol. Virions were collected from the medium supernatant. Stable cell lines were generated by infecting LN229, U251, and PG1 cells with lentivirus, followed by selection with blasticidin (Invitrogen, Carlsbad, CA).

Quantitative real time-PCR {#Sec7}
--------------------------

Total RNA was extracted from GBM cell lines or human glioma tissue specimens using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. The stem-loop RT primer assay was used to evaluate the expression levels of miR-1231 as described previously \[[@CR25]\], using small nuclear RNA U6 for normalization \[[@CR26]\]. cDNAs were amplified by qRT-PCR on a 7900HT system using SYBR Premix DimerEraser (Takara), according to the manufacturer's instructions. Primers were obtained from Ribobio (Guangzhou, China). Relative gene expression was measured using 2^−ΔΔ^C~t~ analysis.

Western blotting {#Sec8}
----------------

Western blot analysis and protein extraction were performed as described previously \[[@CR27], [@CR28]\]. Briefly, cells or tissue specimens were lysed on ice for 30 min in radio immunoprecipitation assay buffer (KenGEN, China). Lysates were centrifuged at 14,000×*g* for 15 min at 4 °C and the supernatant was collected. Protein concentration was measured using a bicinchoninic acid assay kit (Pierce, Rockford, IL, USA). Equal amounts of protein extracts were separated by electrophoresis in 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore Corporation, Billerica, MA, USA). After blocking membranes for 2 h, they were incubated with primary antibodies against total PI3K (Cell Signaling Technology), p-PI3K, total-AKT, p-AKT, cyclin E, and CDK4, total-ERK, total-STAT3, p-STAT3(Cell Signaling Technology, MA, USA). Antibodies against EGFR, total-mTOR, p-mTOR, total-p70S6K, p-p70S6K were obtained from Abcam (Cambridge, UK). Antibodies against GAPDH were obtained from Beyotime Biotechnology. They were then incubated with secondary antibodies, and processed using enhanced chemiluminescence reagents. Signals were examined by densitometric scans using ImageJ software (version 1.51; available at <http://rsb.info.nih.gov/ij/>) for Pearson's correlation analysis.

CCK-8 assay {#Sec9}
-----------

Transfected LN229, U251, and PG1 cells were cultured in 96-well plates (2 × 10^3^ cells per well) and then incubated for 24, 48, or 96 h. The cell proliferation rate was detected by a cell counting kit-8 (CCK8, Dojindo Laboratories) following the manufacturer's instructions.

Colony formation assay {#Sec10}
----------------------

The colony formation assay was performed as previously described \[[@CR29]\]. A total of 200 cells was seeded in each well of a 6-well plate and cultured for 2 weeks. Visible colonies were fixed with 4% paraformaldehyde for 30 min and stained with 0.1% crystal violet for 2 h. The colony-forming efficiency was determined as the cell activity after transfection.

EDU assay {#Sec11}
---------

Glioma cells were infected with lentivirus or transfected with plasmids and cultured for 48 h. Cells were then incubated with 10 µM EdU for 2 h, fixed, permeabilized, and stained with EdU Alexa-Fluor 594 reaction solution and nuclear Hoechst 3334 (Life Technologies, MA, USA) according to the manufacturer's instructions. Cells were visualized using a fluorescence microscope.

Cell cycle analysis {#Sec12}
-------------------

Glioma cells were infected with indicated miRNAs. They were then cultured for 48 h, collected into flow cytometry tubes, and then centrifuged at 2000 r/min for 5 min. Next, cells were washed twice with PBS and fixed with 75% ethanol (at − 20 °C) for 24 h. Fixed cells were resuspended in PBS and supplemented with RNase A (Multi Sciences, Hangzhou, China) in the dark for 30 min before being analyzed on a flow cytometer.

Dual luciferase reporter assay {#Sec13}
------------------------------

The wild-type (wt) EGFR 3′ UTR was constructed and then separately inserted into the *Sac* I and *Hind* III sites of the pMIRNA-Reporter vector (Ambion, Austin, TX, USA). The putative binding sites of miR-1231 were mutated in the EGFR 3′ UTR to create the mutant (mut) plasmid. All experimental procedures were performed as previously described \[[@CR30]\]. For the luciferase assays, LN229, U251, and PG1 cells were seeded into 24-well plates and cultured overnight. Cells were then co-transfected with the wt or mut plasmid and equal amounts of miR-NC, miR-1231, anti-miR-NC, or anti-miR-1231. After 24 h, luciferase assays were performed using the Dual Luciferase Reporter Assay Kit (Promega, Madison, WI, USA) according to the manufacturer's instructions.

Animal experiments {#Sec14}
------------------

Male immunodeficient nude mice aged 5--6 weeks were obtained from Shanghai Laboratory Animal Center (Shanghai, China) and maintained for 1 week in pathogen-free conditions. All animal experimental procedures were approved by the Animal Management Rule of the Chinese Ministry of Health (document 55, 2001) and the guidelines of Nanjing Medical University (Nanjing, China). Mice were used to examine tumor growth in a subcutaneous xenograft model. LN229 cells (5 × 10^5^) stably transfected with miR-1231 or negative control were subcutaneously injected into both flanks of nude mice (n = 6 per group). Tumor size was then measured every 3 days using a vernier caliper. Tumor volume was calculated by the following formula: volume = (length × width^2^)/2. Tumors were weighed after 30 days.

Immunohistochemistry {#Sec15}
--------------------

Immunohistochemical staining of human GBM tissue specimens and mouse xenograft tumor samples were performed with antibodies against EGFR (Abcam), total PI3K (Cell Signaling Technology), p-PI3K (Cell Signaling Technology), total AKT (Cell Signaling Technology), p-AKT (Cell Signaling Technology), total-mTOR (Abcam), p-mTOR (Abcam), total-p70S6K (Abcam), p-p70S6K (Abcam), cyclin E (Cell Signaling Technology), CDK4 (Cell Signaling Technology), and Ki67 (Abcam) as described previously \[[@CR31]\].

Fluorescence in situ hybridization {#Sec16}
----------------------------------

The miR-1231 expression level in GBM tissues and NBT samples was examined by fluorescence in situ hybridization (FISH). Probes against miR-1231 were synthesized by GoodBio (Wuhan, China). FISH was performed according to the BioSense manufacturer's protocol. Frozen human samples were fixed with 4% paraformaldehyde for 30 min and then washed three times with PBS. Treated sections were digested with Proteinase K for 3 min at 37 °C and then sequentially dehydrated for 5 min in 70, 85, and 100% ethanol. Probes were denatured at 78 °C for 5 min and then hybridized with sections in a humidification chamber at 42 °C overnight. Tissue sections were sequentially washed with pre-warmed 2 × saline sodium citrate (SSC), 1 × SSC, and 0.5 × SSC at 37 °C for 10 min. Sections were washed three times with PBS and stained with 4′,6-diamidino-2-phenylindole (Sigma) for 15 min. They were then examined with a Zeiss LSM 700 confocal microscope (Oberkochen, Germany).

Statistical analysis {#Sec17}
--------------------

All experiments were performed in triplicate, and all data were analyzed by the Student's t-test for pairwise comparison or ANOVA for multivariate analysis. Overall survival analysis was performed according to the Kaplan--Meier method by GraphPad Prism 5 (La Jolla, CA, USA). Multiplexer Viewer 4.9 software was used for heat map microarray analysis. Differences were considered statistically significant at P \< 0.05.

Results {#Sec18}
=======

miR-1231 expression is decreased in gliomas {#Sec19}
-------------------------------------------

To examine the differential expression of miRNA in gliomas, we performed comprehensive microarray analysis in 158 glioma tissue samples. CGGA database microarray analysis identified 15 miRNAs that were significantly down-regulated compared with controls among the 829 miRNAs (Pearson's r \> 0.4, P \< 0.01) (Fig. [1](#Fig1){ref-type="fig"}a). As shown in Fig. [1](#Fig1){ref-type="fig"}a, nine miRNAs were expressed at lower levels than miR-1231 in the microarray analysis, but five of these (hsa-miR-135a \[[@CR32]\], hsa-miR-504 \[[@CR33]\], hsa-miR-622 \[[@CR34]\], hsa-let-7b \[[@CR35]\], and hsa-miR-1301 \[[@CR36]\]) have been studied in great detail in gliomas. Therefore, we further analyzed the effects of the other four miRNAs on gliomas, and showed that only miR-1231 significantly inhibited the proliferation of glioma cells (Online Resource1).

Fig. 1miR-1231 expression is downregulated in gliomas and is negatively correlated with grade. **a** Hierarchical clustering analyses of miRNA profiles that are negatively correlated with glioma grade as displayed in the CGGA public database (Pearson's r \> 0.4, P \< 0.01). **b** Relative miR-1231 expression in 24 glioma samples divided according to pathological classification (WHO II (n = 7), WHO III (n = 6), and GBM/WHO IV (n = 11)), and NBTs (n = 5). The Student's t-test was used to analyze significant differences between groups. U6 RNA served as an internal control. \*\*P \< 0.01, \*\*\*P \< 0.001. **c** miR-1231 mRNA expression levels were determined by qRT-PCR in six GBM cell lines and primary glioma cells from GBM patients. U6 mRNA levels were used for normalization. \*P \< 0.05, \*\*P \< 0.01. **d** Fluorescence in situ hybridization of miR-1231 expression in malignant glioma and normal brain specimens

We next measured the expression levels of miR-1231 in 24 gliomas and five normal brain tissues (NBTs) using qRT-PCR. The 24 glioma tissue samples were divided according to WHO classification: Grade II (n = 7), Grade III (n = 6), and GBM (Grade IV, n = 11) (Fig. [1](#Fig1){ref-type="fig"}b). miR-1231 expression levels were significantly decreased in glioma samples compared with NBTs, especially in GBM. qRT-PCR of endogenous miR-1231 expression in glioma cell lines (U251, LN229, A172, U87, U118, and H4) and patient primary GBM cells (PG1) revealed them to be significantly lower in all seven cell lines compared with NHAs, especially in LN229, U251, and PG1 (Fig. [1](#Fig1){ref-type="fig"}c). FISH staining to evaluate different grades of gliomas showed that miR-1231 was dramatically reduced in human glioma samples compared with healthy tissues (Fig. [1](#Fig1){ref-type="fig"}d). Taken together, these results demonstrated the downregulation of miR-1231 in human glioma, suggesting that miR-1231 may act as a tumor inhibitor in glioma.

miR-1231 suppresses glioma cell proliferation and blocks cell cycle arrest {#Sec20}
--------------------------------------------------------------------------

Based on the above analysis of miR-1231 expression in glioma cells, we selected LN229, U251, and PG1 GBM cell lines for subsequent experiments. To explore the potential biological mechanism of miR-1231 in glioma cells, we performed overexpression analysis using lentiviral expression vectors and loss of function analysis by depleting endogenous miR-1231 with antisense oligonucleotides. The CCK-8 assay showed that miR-1231 overexpression significantly inhibited the proliferation rate of LN229, U251, and PG1 cells compared with negative control (Lv-miR-NC) cells (Fig. [2](#Fig2){ref-type="fig"}a). Furthermore, colony formation experiments demonstrated that upregulation of miR-1231 over 12 days significantly reduced the number of glioma cells compared with the Lv-miR-NC group (Fig. [2](#Fig2){ref-type="fig"}b, c). EDU experiments further showed that Lv-miR-1231 significantly reduced the positive rate of EDU in LN229, U251, and PG1 cell lines compared with controls (Fig. [2](#Fig2){ref-type="fig"}d, e).

Fig. 2miR-1231 overexpression inhibits cell proliferation and induces G1/S cell cycle arrest in glioma cells. **a** Growth rates of LN229, U251, and PG1 cells stably expressing miR-NC or miR-1231 or transfected with anti-miR-NC or anti-miR-1231 were analyzed by CCK8 assay for 96 h. Data are presented as the means of triplicate experiments. \*P \< 0.05, \*\*P \< 0.01. **b**, **c** Representative results of colony formation assay in glioma cells with miR-1231 overexpression or knockdown. Data are presented as the means of triplicate experiments. \*P \< 0.05, \*\*P \< 0.01. **d, e** EDU assays in glioma cells with miR-1231 overexpression or depletion 48 h after transfection. \*P \< 0.05, \*\*P \< 0.01. **f, g** Representative flow cytometry analyses (**f**) and cell cycle distribution results (**g**) of LN229, U251, and PG1 cells after infection with miR-NC or miR-1231 lentivirus or transiently transfected with anti-miR-NC or anti-miR-1231 for 72 h. **h** Western blot analysis of cyclin E and CDK4 in LN229, U251, and PG1 cells 48 h after transfection with the indicated constructs. GAPDH was used as the loading control

To determine the effect of miR-1231 on glioma cell cycle progression, we examined miR-1231-expressing LN229, U251, and PG1 cells by flow cytometry. Compared with controls, LN229, U251, and PG1 cells infected with Lv-miR-1231 showed a significant increase in the percentage of cells in G0/G1 phase (Fig. [2](#Fig2){ref-type="fig"}f, g). Western blotting revealed a decrease in cyclin E and CDK4 expression in Lv-miR-1231-transfected cells compared with controls (Fig. [2](#Fig2){ref-type="fig"}h).

In contrast, the depletion of endogenous miR-1231 increased the proliferation rate of LN229, U251, and PG1 cells (Fig. [2](#Fig2){ref-type="fig"}a--h). Together, these results suggest that miR-1231 acts as an inhibitor of glioma cell proliferation in vitro.

miR-1231 directly targets EGFR and inhibits the PI3K/AKT pathway {#Sec21}
----------------------------------------------------------------

Activation of the EGFR signal pathway has been reported in many tumor types. mTOR is the major downstream effector of EGFR signaling in the control of cell proliferation and angiogenesis. In addition, the PI3K/AKT signaling pathway play critical roles in controlling cell proliferation and invasion \[[@CR37]\]. Although EGFR also regulates STAT3 and MAPK/ERK pathways \[[@CR17], [@CR18]\], we found that miR-1231 had no effect on the expression of their core proteins using western blotting (Online Resource 2). Therefore, we focused on the PI3K/AKT/mTOR/p70S6 signaling pathway. We investigated whether miR-1231 affects glioma cell proliferation by regulating the EGFR/PI3K/AKT pathway. Western blotting showed that the expression of EGFR, p-PI3K, p-AKT, p-mTOR, and p-P70S6K was downregulated following miR-1231 upregulation in LN229, U251, and PG1 cells compared with controls. In contrast, miR-1231 suppression increased EGFR protein levels (Fig. [3](#Fig3){ref-type="fig"}a).

Fig. 3miR-1231 directly targets EGFR and inhibits the PI3K/AKT signaling pathway. **a** Western blot analysis of the indicated proteins in LN229, U251, and PG1 cells 48 h after transfection with miR-1231 lentivirus infection or anti-miR-1231. Data are presented as the means of triplicate experiments. **b** Schematic of the luciferase construct with the EGFR 3′ UTR containing a miR-1231 binding sequence. The seed sequence is shown in red font. Alignment was performed with the TargetScan 7.0 bioinformatics algorithm. **c** Luciferase reporter assays in cells co-transfected with the pGL3-EGFR wt-3′ UTR or pGL3-EGFR Mut-3′ UTR reporter and the indicated constructs (miR-NC, miR-1231, anti-miR-NC, or anti-miR-1231). Renilla luciferase vector was used as an internal control, \*\*P \< 0.01. **d** Relative *EGFR* mRNA expression levels in LN229, U251, and PG1 cells transfected as indicated were determined by qRT-PCR. U6 served as an internal control, \*\*P \< 0.01. **e** Western blot analysis of EGFR expression in glioma cell lines (PG1, LN229, U251, A172, U87, U118, and H4) and NHAs. GAPDH served as an internal loading control. **f, g** Immunoblotting analysis of EGFR expression in normal brain tissues (NBTs) (n = 5) and grade II (n = 7), grade III (n = 6), and GBM (n = 11) tissue specimens. Expression levels were normalized by GAPDH. Data represent the means ± SD from three independent experiments, \*\*P \< 0.01, \*\*\*P \< 0.001. **h** Representative immunohistochemistry staining showing upregulation of EGFR expression in human glioma tissue specimens (clinical stage II--IV) compared with NBT. **i** Correlation between EGFR and miR-1231 expression levels in 24 human glioma tissues was analyzed by Spearman correlation (Spearman correlation analysis, r = − 0.7402, P \< 0.001). **j** Analysis of the TCGA public database indicated that EGFR expression was significantly increased in GBM tissues compared with non-cancerous tissues, P \< 0.001. **k** Kaplan--Meier curves showing the correlation in EGFR expression and overall survival of glioma patients using the GSE10611 database (P = 0.0387)

To more closely examine the mechanism of miR-1231 in glioma, we used three algorithms, TargetScan, miRGen, and miRanda to search for predicted targets of miR-1231. Prediction analysis revealed that the 3′ UTR of *EGFR* contains a putative miR-1231 binding site located at 1877--1883 nt (Fig. [3](#Fig3){ref-type="fig"}b). We therefore constructed wild-type (WT) and mutant (mut) EGFR luciferase reporter vectors with mutated miR-1231 binding sites, and performed luciferase assays in LN229, U251, and PG1 glioma cell lines co-transfected with miR-1231 or negative control constructs. miR-1231 overexpression with the wild-type EGFR luciferase construct significantly decreased luciferase activity, but this did not occur in cells co-transfected with the mutant EGFR luciferase construct (Fig. [3](#Fig3){ref-type="fig"}c). Furthermore, as shown in Fig. [3](#Fig3){ref-type="fig"}c, luciferase activity was increased upon the co-expression of anti-miR-1231 with the WT EGFR luciferase reporter. Together, this indicates that miR-1231 regulates EGFR expression by directly binding the *EGFR* 3′ UTR.

We also found that miR-1231 expression in glioma cell lines resulted in low levels of EGFR mRNA expression, while downregulated miR-1231 expression resulted in higher levels of EGFR (Fig. [3](#Fig3){ref-type="fig"}d). Additionally, EGFR protein levels were much higher in glioma cell lines than in NHAs (Fig. [3](#Fig3){ref-type="fig"}e).

To determine whether miR-1231 expression correlates with EGFR expression in gliomas, we evaluated EGFR protein levels in NBTs (n = 5) and grade II (n = 7), grade III (n = 6), and GBM (n = 11) glioma specimens by western blotting. Compared with NBTs, the expression of EGFR in tumor tissues was significantly increased, and positively correlated with tumor grade (Fig. [3](#Fig3){ref-type="fig"}f, g). Immunohistochemical analysis produced similar findings, suggesting that EGFR was upregulated in glioma tissues but barely detectable in NBTs (Fig. [3](#Fig3){ref-type="fig"}h). We further confirmed an inverse correlation between miR-1231 and EGFR level in glioma specimens (r = − 0.7402, P \< 0.002) (Fig. [3](#Fig3){ref-type="fig"}i), and the TCGA database also showed that EGFR is highly expressed in gliomas (Fig. [3](#Fig3){ref-type="fig"}j). GSE16011 database analysis indicated that high levels of EGFR expression correlated with a poor survival rate in glioma patients. Collectively, our results indicated that EGFR is a potential target gene of miR-1231 in gliomas.

EGFR knockdown inhibits proliferation of glioma cells in vivo and in vitro {#Sec22}
--------------------------------------------------------------------------

To examine whether decreased EGFR expression inhibits glioma cell proliferation in vivo, LN229 cells transfected with si-NC or si-EGFR were subcutaneously implanted into nude mice. Immunohistochemical analysis showed that reducing EGFR expression significantly inhibited the proliferation of glioma cells (Fig. [4](#Fig4){ref-type="fig"}a).

Fig. 4EGFR depletion recapitulates the inhibitory effect of miR-1231 on glioma cell proliferation. **a** Immunohistochemical analysis of EGFR and Ki-67 in tumors derived from negative control (si-NC) and EGFR knockdown (si-EGFR) cells in vivo. Scale bars, 100 µm. **b** Western blot analysis of the indicated proteins in cells transfected with siRNA negative control or siRNA targeting EGFR. **c** CCK-8 assay of the proliferation rate of cells after transfection with si-NC or si-EGFR following culture for 96 h. Data are presented as the means of triplicate experiments, \*P \< 0.05, \*\*P \< 0.01. **d, e** Colony formation assays were performed in LN229, U251, and PG1 cell lines stably expressing si-NC or si-EGFR. Data are presented as the means of triplicate experiments, \*\*P \< 0.01. **f, g** EDU assays in LN229, U251, and PG1 cell lines stably expressing si-NC or si-EGFR 48 h after transfection. Data are presented as the means of triplicate experiments, \*\*P \< 0.01. **h, i** Flow cytometry analysis and cell cycle distribution in LN299, U251, and PG1 cells transfected with si-EGFR or si-NC for 72 h

We furtherly performed in vitro analyses of the effects of EGFR in glioma cells. EGFR downregulation in LN229, U251, and PG1 cell lines significantly inhibited PI3K/AKT pathway activation (Fig. [4](#Fig4){ref-type="fig"}b). To investigate the effect of EGFR on the proliferation of glioma cells, we infected LN229, U251, and PG1 cells with lentiviral constructs containing siRNA against EGFR or a negative control. CCK-8 assays showed that EGFR knockdown reduced cell viability (Fig. [4](#Fig4){ref-type="fig"}c). Colony formation (Fig. [4](#Fig4){ref-type="fig"}d, e) and EDU assays (Fig. [4](#Fig4){ref-type="fig"}f, g) further showed that reducing EGFR expression significantly inhibited GBM cell proliferation. Additionally, the cell cycle was blocked at the G0/G1 phase (Fig. [4](#Fig4){ref-type="fig"}h, i).

Together, these results indicated that reducing EGFR expression significantly inhibited the proliferation of glioma cells. Notably, the EGFR knockdown-mediated inhibition of glioma cell proliferation was consistent with the effect of enforced miR-1231 expression. Therefore, this indicates that EGFR functions as an oncogene that is involved in the regulation of glioma proliferation.

EGFR overexpression reversed the suppressive effects of miR-1231 and mediated the PI3K/AKT signaling pathway {#Sec23}
------------------------------------------------------------------------------------------------------------

To explore the role of EGFR in miR-1231-mediated effects on glioma cells, LN229, U251, and PG1 cells stably expressing either Lv-miR-NC or Lv-miR-1231 were transfected with EGFR or control plasmids. As shown in Fig. [5](#Fig5){ref-type="fig"}a, western blotting confirmed that EGFR overexpression abrogated the inhibition of EGFR expression by miR-1231 overexpression. Furthermore, EGFR upregulation restored the decreased levels of p-PI3K, p-AKT, p-mTOR, and p-70S6K caused by miR-1231 overexpression to some extent. Additionally, CCK8 and colony formation assays revealed that the restoration of EGFR levels significantly abrogated miR-1231 inhibitory effects on cell proliferation (Fig. [5](#Fig5){ref-type="fig"}b--d). EDU assay results also confirmed that the inhibition of cell growth after miR-1231 expression was partially abrogated upon EGFR expression (Fig. [5](#Fig5){ref-type="fig"}e, f). Flow cytometry analysis of the cell cycle distribution showed that EGFR expression in LN229, U251, and PG1 cells stably expressing miR-1231 abrogated the miR-1231-mediated effects on cell G0/G1 cell cycle arrest 48 h after transfection (Fig. [5](#Fig5){ref-type="fig"}g, h). The G1/S cell cycle progression inhibitory effects by miR-1231 were also restored by EGFR overexpression in LN229, U251, and PG1 glioma cell lines. Western blotting showed that the inhibition of cyclin E and CDK4 expression by miR-1231 could be abolished by EGFR upregulation (Fig. [5](#Fig5){ref-type="fig"}a).

Fig. 5Reintroduction of EGFR abrogated the miR-1231-induced inhibition on cell proliferation and cell cycle arrest. **a** Western blot analysis of EGFR/PI3K/AKT pathway proteins in LN229, U251, and PG1 cells stably expressing miR-1231 or miR-NC and transfected with pcDNA3.1-EGFR or pcDNA3.1 plasmids. GAPDH served as the loading control. **b** Cell proliferation activity of glioma cells co-transfected with pcDNA3.1-EGFR and miR-1231 as analyzed by CCK-8 and colony formation assays. The experiments were performed three times using triplicate samples, \*P \< 0.05, \*\*P \< 0.01. **c, d** Proliferative capacity of miR-1231-overexpressing cells transfected with pcDNA3.1-vector or pcDNA3.1-EGFR plasmid by colony formation assay. Data are presented as the means of triplicate experiments, \*P \< 0.05, \*\*P \< 0.01. **e, f** EDU assays in cells overexpressing miR-1231 48 h after transfection with pcDNA3.1-EGFR or pcDNA3.1 plasmids, \*P \< 0.05, \*\*P \< 0.01. **g, h** Representative flow cytometry analyses (**g**) and cell cycle distribution results (**h**) of LN229, U251, and PG1 cells overexpressing miR-1231 or NC 72 h after transfection with pcDNA3.1-EGFR or pcDNA3.1 plasmids

Moreover, the capability of increased cell proliferation in vitro was rescued by EGFR suppression in miR-1231-depleted cells (Fig. [6](#Fig6){ref-type="fig"}a--h). In conclusion, our results confirmed that EGFR is a functional target gene for miR-1231 in glioma cells.

Fig. 6Knockdown of EGFR alleviates the proliferative effects of anti-miR-1231 on glioma cell tumorigenesis in vitro. **a** Western blotting assay showing suppression of upregulated EGFR and downstream PI3K/AKT signaling pathway proteins in miR-1231-silenced cells transfected with siRNAs against EGFR. GAPDH was used as the loading control. Data are presented as the means of triplicate experiments. **b** Cell viability determined by transfection of siRNA-EGFR into LN229, U251, and PG1 cells with anti-miR-1231. Experiments were performed three times using triplicate samples, \*P \< 0.05, \*\*P \< 0.01. **c, d** Colony formation analysis of glioma cells infected with si-NC or si-EGFR, followed by transfection of anti-miR-1231 or negative control. Experiments were performed three times using triplicate samples, \*P \< 0.05, \*\*P \< 0.01. **e, f** Cell growth analyzed using the EDU assay 48 h after co-transfection, \*P \< 0.05, \*\*P \< 0.01. **g, h** Cell cycle results of LN229, U251, and PG1 glioma cells transfected with si-NC or si-EGFR in the presence or absence of anti-miR-NC or anti-miR-1231 for 72 h

miR-1231 inhibits tumorigenesis in nude mouse models {#Sec24}
----------------------------------------------------

To investigate the role of miR-1231 in tumor growth in vivo, we constructed a xenograft model of human glioma in nude mice. Nude mice were injected with LN229 cells (5 × 10^6^) stably expressing Lv-miR-NC or Lv-miR-1231 (n = 6 per group). Tumor size was monitored every 3 days. After 30 days, mice were euthanized, and tumors were removed for analysis. Compared with the Lv-miR-NC group, we observed a significant decrease in tumor size in the miR-1231-transfected group (Fig. [7](#Fig7){ref-type="fig"}a, b). The final tumor mass of the miR-1231 overexpression group was much smaller than that of the negative control group (Fig. [7](#Fig7){ref-type="fig"}c). Consistent with our previous western blot results, immunohistochemical analysis showed that the expression levels of EGFR, Ki67, cyclin E, CDK4, p-AKT, p-mTOR, and p-P70S6K were significantly downregulated in the tumor tissues of miR-1231-treated nude mice compared with controls (Fig. [7](#Fig7){ref-type="fig"}d). As shown in Fig. [7](#Fig7){ref-type="fig"}e, the immunofluorescence assay of tumor tissues further showed that tumors from Lv-miR-1231 cells significantly inhibited the expression of EGFR. Immunoblotting also confirmed that miR-1231 upregulation inhibited the expression of EGFR-PI3K/AKT pathway factors in tumor issues (Fig. [7](#Fig7){ref-type="fig"}f). These results indicate that the inhibitory effect of miR-1231 on EGFR may provide potential therapeutic options for glioma patients.

Fig. 7miR-1231 overexpression suppresses glioma cell tumorigenesis in vivo. **a** Tumor growth in xenografts from Lv-miR-1231- or Lv-mR-NC-transfected cells in female nude mice (n = 6 per group). **b, c** Tumor volume curves and tumor weights of xenografts in mice, \*\*P \< 0.01, \*\*\*P \< 0.001. **d** Representative immunohistochemical images of EGFR, ki-67, and cell cycle-associated proteins (cyclin E and CDK4) and major PI3K/AKT pathway signaling factors (p-AKT, p-mTOR, and p-p70S6K). Scale bar, 100 µm. **e** Immunofluorescence analysis of EGFR in Lv-miR-1231 and Lv-mR-NC xenografts. DAPI was used to stain nuclei. **f** Western blot assay of EGFR/PI3K/AKT pathway proteins in Lv-miR-1231 and Lv-mR-NC xenografts (n = 6 per group)

Discussion {#Sec25}
==========

Previous research has revealed that miRNAs, as post-transcriptional gene regulators, contribute to numerous oncogenic processes, such as proliferation, angiogenesis, and invasion \[[@CR38], [@CR39]\]. Aberrant expression of miRNAs is a common characteristic in human cancers, including gliomas, compared with healthy tissues \[[@CR40]\]. miRNAs regulate the levels of their target genes and may act as oncogenes or tumor suppressors. They can also function as biomarkers for survival and prognosis in a variety of cancers \[[@CR41]\]. Therefore, there is an urgent need to identify targets of specific miRNAs involved in tumorigenesis to clearly diagnose and accurately treat patients with malignancies. However, no studies have yet examined the role of miR-1231 on gliomas.

In the present study, miR-1231 expression was downregulated and negatively correlated with glioma grade based on CGGA database analysis. We also confirmed that miR-1231 expression was dramatically decreased both in glioma cells and tissue samples by independent qRT-PCR. Moreover, miR-1231 overexpression significantly suppressed glioma cell progression in vitro and in subcutaneous xenograft tumor models. Future studies should examine whether miR-1231 could be a useful biomarker for the early diagnosis of gliomas.

Numerous studies have demonstrated that miRNAs play a crucial role in the development and progression of GBM, and in glioma therapy \[[@CR42], [@CR43]\]. Aberrant expression of these miRNAs is associated with major malignant biological behaviors, such as proliferation and invasion. For example, miR-184 modulated SND1 expression which inhibited glioma cell proliferation \[[@CR44]\]. However, the functions of miRNAs in glioblastoma have not been fully documented. In our study, CCK-8, colony formation, and EDU experiments revealed that the proliferation of glioma cells stably expressing miR-1231 was significantly reduced compared with controls. Our results also showed that upregulated miR-1231 induced a G1/S block. Therefore, we suggest that miR-1231 acts as a tumor inhibitor and is involved in glioma proliferation.

Because miRNAs can function as oncogenes or tumor inhibitors depending on their target genes, we searched for the target genes of miR-1231 by bioinformatics analysis, and identified EGFR as a potential target. EGFR overexpression has been previously reported in ovarian cancer \[[@CR45]\], breast cancer \[[@CR46]\], and hepatocellular carcinoma \[[@CR47]\], and its expression negatively correlates with prognosis and survival rate in these patients. EGFR protein expression was recently shown to be modulated by miRNAs. For example, upregulated miR-21 expression suppressed proliferation, increased apoptosis, and decreased AKT and STAT3 expression by targeting EGFR in glioma \[[@CR48]\]. Moreover, miR-146a reduced EGFR expression in castration-resistant prostate cancer through binding to its 3′ UTR \[[@CR49]\].

We identified miR-1231 as the major mediator of GBM proliferation that directly targets EGFR. We observed the significant upregulation of EGFR in glioma specimens, and showed that miR-1231 overexpression downregulated EGFR expression both in vitro and in vivo, indicating a negative correlation between them. Luciferase assay revealed that miR-1231 specifically binds to the 3′ UTR of *EGFR*. Moreover, miR-1231-induced EGFR suppression decreased the expression of p-PI3K, p-AKT, p-mTOR, and p-p70S6K, which are pivotal downstream proteins of the PI3K/AKT pathway. Together, our findings demonstrated that miR-1231 plays a significant role in inhibiting glioma cell proliferation through the suppression of EGFR and the downstream PI3K/AKT signaling pathway.

We provide the first evidence for an important link between miR-1231 and progression in human gliomas, with miR-1231 expression found to be negatively correlated with histological grade. Our experiments revealed that miR-1231 functions as a tumor inhibitor and has a suppressive impact on the tumor growth of human gliomas in vitro and in vivo. More importantly, this newly confirmed miR-1231/EGFR/PI3K/AKT axis provides an insight into the mechanisms underlying glioma development, and may aid the future development of novel molecular targeting therapeutics for human gliomas. Although the molecular mechanisms of glioma have been previously investigated, the development of effective treatment has remained a challenge. Investigation of the biological functions of miR-1231 and its target EGFR will not only expand our knowledge of glioma progression, but will also help achieve a more accurate diagnosis and improve patient survival times.
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**Online Resource 1** Effect of miRNAs on glioma cell proliferation. The proliferation of LN229 glioma cells co-transfected with Lv-miR-NC and Lv-miR-1231 was analyzed by EDU assay 48 h after transfection. Experiments were performed three times using triplicate samples, \*\*P\<0.01. (JPG 655 KB)

**Online Resource 2** Regulation of PI3K/AKT, STAT3, and MAPK/ERK by miR-1231. The efficiency of miR-1231 overexpression in LN229 glioma cells was confirmed by western blotting. GAPDH served as the loading control. Data are presented as the means of triplicate experiments. (JPG 104 KB)
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